In situ and ex situ annealed nanotwinned (NT) Ag thin films have been investigated by TEM and tensile testing to reveal the thermal stability of the twin boundaries, grain boundaries, dislocation densities, and their respective influence of the macroscopic yield stress. The NT Ag films synthesized by magnetron sputtering form both coherent (CTB, R3{111}) and incoherent (ITB, R3{112}) twin boundaries that are thermally stable up to 473 K (200°C), i.e., no obvious changes in grain size, twin spacing, and yield stress. In situ TEM observations show the dislocations become mobile at 453 K (180°C) resulting in dislocation annihilation primarily at twin and grain boundaries. Rotation of grains with low-angle grain boundaries was observed during in situ heating, resulting in the growth of columnar grains above 453 K (180°C). However, no noticeable changes in the spacings of CTBs were observed during the entire in situ and the ex situ annealing [up to 873 K (600°C)]. The increase in grain size and concomitant decrease in yield stress following annealing at various temperatures can be described by the Hall-Petch relationship, demonstrating that grain size rather than twin spacing is most sensitive to thermal annealing and plays a dominant role in the deformation of NT Ag films.
In situ and ex situ annealed nanotwinned (NT) Ag thin films have been investigated by TEM and tensile testing to reveal the thermal stability of the twin boundaries, grain boundaries, dislocation densities, and their respective influence of the macroscopic yield stress. The NT Ag films synthesized by magnetron sputtering form both coherent (CTB, R3{111}) and incoherent (ITB, R3{112}) twin boundaries that are thermally stable up to 473 K (200°C), i.e., no obvious changes in grain size, twin spacing, and yield stress. In situ TEM observations show the dislocations become mobile at 453 K (180°C) resulting in dislocation annihilation primarily at twin and grain boundaries. Rotation of grains with low-angle grain boundaries was observed during in situ heating, resulting in the growth of columnar grains above 453 K (180°C). However, no noticeable changes in the spacings of CTBs were observed during the entire in situ and the ex situ annealing [up to 873 K (600°C)]. The increase in grain size and concomitant decrease in yield stress following annealing at various temperatures can be described by the Hall-Petch relationship, demonstrating that grain size rather than twin spacing is most sensitive to thermal annealing and plays a dominant role in the deformation of NT Ag films. strain rate sensitivity, and electric conductivity, are a leading material of interest for advanced electronics and other applications. [1] [2] [3] [4] [5] [6] [7] [8] In recent years, NT metals (Cu and Ag) have been successfully synthesized with several techniques such as magnetron sputtering and pulsed electrodeposition methods. [3, 9, 10, 11] Compared with coarse-grained and nanocrystalline metals, the NT structures exhibit outstanding thermal stability and enhanced mechanical strength due to the nano-scaled twin boundary spacings. [5, 9, [12] [13] [14] Lu et al. reported ultra-high strength for NT Cu, [1] while Anderoglu et al. have shown extremely high hardness with the remarkable thermal stability of sputter-deposited NT Cu film by using the ex situ annealing and indentation experiments. [15] Twin boundaries in face-centered cubic (fcc) metal can also function as barriers to dislocation climb due to their thermal stability at elevated temperatures. [7, 16] Zhang et al. claimed the superior thermal stability of the CTBs is due to their order of magnitude lower energy stored compared to high-angle grain boundaries. [17] Bufford et al. proposed that the thermal stability of twin boundaries in NT silver have an orientation dependence, for which the coarsening and elimination of twin boundaries after annealing results in hardness reduction. [4] In situ TEM experiments' results provide critical insight into the dislocation interactions with TBs and the effects on macroscopic mechanical behavior. [18] Besides the role of CTB as barriers to block the movement of dislocations, Li et al. used in situ TEM nanoindentation to show that CTBs can act as a source for multiplication of Shockley partial dislocation, for which the stress-induced ITB can lead to the de-twining of the NT structure. [19] Besides the experimental work, molecular dynamics (MD) simulation also revealed that CTBs in NT Cu can increase the thermal stability and yield stress due to the discontinuity of the slip systems across TBs. [17, 20, 21] In this paper, we report on the relationship between the mechanical properties and the thermal stability of NT Ag formed by magnetron sputtering. Specifically, the grain size, twin spacing, and dislocation density were examined by TEM at different annealing conditions for comparison with the bulk mechanical properties. In situ TEM heating experiments were used to examine the grain growth, twin boundary mobility, and dislocation diminution. Tensile tests on ex situ annealed NT Ag provided the correlation between the thermal stability of twin spacing, grain size, dislocation density, and the mechanical yield stress.
II. EXPERIMENTAL
Ag films (~50 lm thick) were deposited onto (100) silicon substrate (6 in. diameter) by magnetron sputtering (Kurt J. Lesker CMS-18 System) using three 2¢¢ diameter targets operated at 300 W. The base pressure was below 3 9 10 À8 Torr and the working pressure was 5 mTorr using Ar gas. During the sputtering, the substrate was rotated at 15 rpm and was cooled by liquid nitrogen. Following sputtering, the films were readily removed from the substrate. The films for annealing were sealed in a quartz tube and heated to annealing temperatures [(473 K, 673 K, and 873 K (200°C, 400°C, and 600°C)] in a muffle furnace with a heating rate of 5 K/min, followed by dwelling at annealing temperature for 1 minute. The quartz tube was then removed from the furnace and air-cooled to room temperature. The yield stress of the as-deposited and ex situ annealed thin films were then examined using quasi-static (strain rate of 1 9 10 À4 s À1 using constant crosshead speed) uniaxial tensile tests. The films were cut into mini-dog bones with 6 mm gage lengths and tested in a Zwick tester (Zwick/ Roell Z2.5) with a non-contact laser extensometer (laserXtens) to record the strain.
Cross-sectional TEM specimens were prepared using mechanical wedge polishing technique followed by ion milling at liquid nitrogen temperature. Extreme care was taken during the wedge polishing of the specimens, especially during the final step, to minimize the introduction of dislocations during the TEM sample preparation. High-resolution images were obtained using a FEI Tecnai G(2) F20 operated at 200 kV accelerating voltage. The in situ heating experiments were performed using a Philips CM30 TEM (operated at 200 kV accelerating voltage) with a Gatan double tilt [±45°C tilting angle] hot stage holder (Model 652), which was water-cooled during the entire heating process. The furnace temperature, which was measured using a rhodium thermocouple spot welded to the furnace, has a maximum operating temperature of 1273 K (1000°C) with a water recirculating unit to reduce the specimen drift. The calibration between the set power temperature and the measured temperature of the heating stage was determined by measuring the hcp fi fcc transition of a sputtered Co thin-film sample. The ideal equilibrium transition temperature for Co hcp fi fcc is 723 K (450°C). A second as-deposited cobalt sample was heated in a DSC as a calibration check. According to the calibration, the in situ heating on the NT Ag was carried out at 453 K (180°C). The heating rate was about 2 K/s. The in situ heating process was then recorded by VirtualDub with the average acquisition rate of 24.96 fps.
III. RESULTS

A. The Evolution of Microstructures with Temperature in the NT Ag Films
The majority of the as-deposited NT Ag film exhibits columnar growth with a domain size of 100 to 250 nm ( Figure 1(a) , the grain boundary (GB) marked with dashed lines) where the direction of the columnar grains is nearly parallel to the growth direction (111) of the thin films. The region of the film near the substrate has a much more random grain structure with the grain size being in the range of 50 to 250 nm, which is typical of the nucleation dominated growth process of sputtered films ( Figure 1(b) ). The twin spacing of the as-deposited Ag film ranges from about 4 to 25 nm for the columnar grains, with an average value of 10.5 ± 6.5 nm (Figure 1(c) ). The diffuse scattering perpendicular to the twin planes shown in the selected area diffraction pattern (SADP) (inset of Figure 1 (c)) confirms the fine nano-scaled twin spacing. HR-TEM micrograph, Figure 1 (d), of the as-deposited NT Ag shows both the R3{111} CTB and R3{112} ITB, which are indicated by solid and dash lines, respectively. However, not all the (111) twin planes extend uniformly across the grain boundaries ( Figure 1(d) ). There are some step-like twins in the grains, where two parallel (111) twin planes stopped in the middle of the grain at a R3{112} ITB, which is normal to these two (111) twins (arrowed in Figure 1(d)) .
The cross-sectional microstructures from the middle regions of the as-deposited and ex situ annealed NT Ag films at 473 K, 673 K, and 873 K (200°C, 400°C, and 600°C) are shown in Figures 2(a) through (d) . The grain size, twin spacing, and dislocation densities of the microstructures are tabulated as a function of temperature (Table I ). The columnar domain size remains unchanged up to 473 K (200°C), after which it increases to nearly 300 nm at 673 K (400°C) and to about 750 nm at 873 K (600°C), an increase of 65 and 300 pct, respectively, over the as-deposited film. Even though the grain size has increased threefold, the nanoscaled twin structures remain nearly unchanged after annealing. This confirms that the R3{111} CTB are more stable than the grain boundaries. The microstructure evolution will be elucidated more completely with our in situ heating experiments in the next section.
Dislocation densities were also estimated in the asdeposited and annealed samples 473 K, 673 K, and 873 K (200°C, 400°C, and 600°C) using the crosssectional TEM samples (Table I) . Since the {111} planes that define the majority of the twin planes are parallel to the surface of film (Figures 1 and 2) , a sub-set of the 1 2 h110i{111} perfect dislocations are nearly at the edge-on condition when viewed from h110i zone axis in the cross-sectional TEM films. Assuming~1/3 of the dislocations would be invisible for g 200 near the h110i zone axis and assuming all Burgers vectors are equally represented, we can estimate the lower bounds of the dislocation density to be about 1.5 times the observed value. Table I shows that the dislocation density is nearly unchanged when heated to 473 K (200°C), then drops by~1/2 and 2/3 with annealing at 673 K and 873 K (400°C and 600°C). ImageJ software was used to measure the dislocation densities from the series of TEM images with two beam conditions. (Figure 2(d) ).
B. In situ Heating TEM Investigation of NT Ag Films
Regions near the middle of the cross-sectional samples were tilted close to the h110i zone axis so that the dominant {111} twin planes were nearly parallel to the beam and showed strong contrast for the twin variants. The sample was heated in the hot stage from room temperature to approximately 453 K (180°C) (temperature calibration was previous described) or a homologous temperature of~0.37. Figure 3(a) shows the as-deposited TEM sample at room temperature. Figure 3(b) is the TEM image for the sample after heating at 180°C (453 K) for about 5 minutes. Once the set temperature was reached, an observable reduction in strain contrast was noted in~5 minutes. (Figure 3(b) ). The CTBs, however, showed excellent stability during the entire in situ heating procedure. The average twin spacing of the samples at room temperature and after heating are 10.5 ± 6.5 nm and 11.2 ± 6.3 nm, respectively (Figure 4) , similar to the ex situ annealing samples. The twin spacing distribution can be fitted by the log-normal distribution, [14, 22] where the function f(x) is distributed by the mean (l) and standard deviation (r) in Eq. [1] . The probability densities function of lognormal distribution:
; x>0: ½1
The mean value of the twin spacing for the asdeposited sample is 10 ± 2 nm, and the mean value for the annealed sample is 8 ± 1 nm. Both the average measurements and their distribution showed that the CTBs have excellent thermal stability.
While the ex situ annealing experiments are valuable for examining the thermal stability of nanostructure in the Ag films, the in situ experiments are necessary to fully elucidate the mechanism of grain growth during annealing. From our in situ experiments, we found the low-angle grain boundaries (LAGB) rotated for annealing times over~30 minutes, which accounts for the increase in the measured columnar grain size (Table I). [23] This is demonstrated in Figure 5 , where the previous two columnar grains with non-continuous TBs and obvious contrast along the boundary (Grain 1 and Grain 2 marked in Figure 5 (a)) merge and form continuous TBs across the previous GB, ITB, or mixed characteristic ( Figure 5(b) ). Note that there is some migration of the ITB, but is quite small.
A series of snapshots during the video monitoring demonstrate the dislocation annihilation process, Figure 6 which was near a GB, was annihilated after about 5 minutes at temperature (Figures 6(a) through (b) . Dislocation B, which is about 18 nm in length, spans at an oblique angle across a CTB. Dislocation B was also annihilated instantly by the left side of CTB (less than 0.1 seconds) (Figure 6 (c)) after another 5 minutes. Then, there is no obvious change on the other dislocations.
C. Temperature Influence on Yield Stress of NT Ag films
Tensile test were performed to assess the effects of the annealing-induced structural changes on the mechanical behavior of NT Ag films (Figure 7) . The yield stress of the as-deposited NT Ag film is about 510 ± 12 MPa, which is in good agreement with the recently reported value (500 MPa) by Furnish and Hodge for Ag NT Ag film with average grain size of 600 nm and TB spacing of 10 nm. [24] A small change in yield stress (475 MPa) was noted after annealing at 473 K (200°C), indicating the strength of the NT Ag film is relatively unaffected by low-temperature annealing. Above 473 K (200°C), however, the yield stress decreases significantly by 38 and 66 pct at 473 K and 873 K (200°C and 600°C) , respectively, compared to that of the as-deposited film. The annealing temperature dependence of the film tensile yield stress is very similar to that of the grain (Table I) , i.e., no significant change up to 473 K (200°C), followed by large change above 473 K (200°C). This trend is also in good agreement with the reduction in nanoindentation hardness with annealing in the Ag films reported by Bufford et al. [5] IV. DISCUSSION
The general observations are that annealing up to 473 K (200°C) has little effect on grains size but prolonged annealing can result in decrease in dislocation density. The in situ heating provides insight into the grain growth mechanism by which the dislocations are readily annihilated at the LAGBs, allowing for grain rotation proceeding grain growth. Existing dislocations appear to be channeled by the TB and provide little driving force to coarsen the twins. The continuity of the ex situ microstructural observations with the in situ study indicates that the grain growth (i.e., coarsening of the columns) continues via grain rotation rather than nucleation and growth since this provides a mechanism by which the spacing of CTB and ITB can be minimally affected. This would imply that the decrease in yield stress with higher anneal temperatures is primarily related to grain growth as will be discussed below.
A. Thermal Stability of Twin boundary and Grain Boundary
In fcc NT Ag, the stable stacking faults are only found in the {111} twin planes. The {111} twin plane has a relatively low stacking fault energy (~8 mJ/m 2 ) which causes the dislocations glide on the CTB{111} planes during the in situ heating experiment ( Figure 6 ) [16, 25, 26] There is no obvious twin spacing change (less than 2 nm) during the entire heating experiment (in situ and ex situ) up to 873 K (600°C). The in situ studies revealed considerable annihilation of dislocations at GBs and along existing TBs (Figures 2 through 6 ). Grain boundaries with different coincident site lattices (CSLs) would result in different grain rotation dynamics. For the perfect texture, randomoriented polycrystalline film, the proportion of small angle boundaries (R1) is Dh P 1 /60 deg = 25 pct. [27] While grain rotation is not usually considered to be an important mechanism in bulk polycrystalline materials, in these highly textured films it may provide a lower energy pathway by providing a sink for the dislocations trapped between the TBs, see Harris et al. [27] B. Effect of the Twin Spacing and Grain Size on Yield Stress
The twin spacing and the grain size are normally used to explain the size-dependent hardening in NT fcc metals. [3, 4, 15, [28] [29] [30] [31] However, since the twin spacing is nearly invariant in these studies, the change of the tensile yield stress is associated only with the evolution of dislocation density and columnar width. The strengthening caused by dislocation lines and loops can be calculated according to the Orowan model r ¼ aMGb ffiffiffi q p , where r is the yield stress of the material, a is a material constant depending on the average barrier strength of the dislocations, M is Taylor factor, G is the shear modulus, b is the length of Burgers vector, and q is the dislocation density. [21, 32, 33] For Ag, the parameters can be set as a = 0.3, M = 3, G = 30 GPa, and b = 0.289 nm. The yield stresses as a function of annealing temperature calculated based on the Orowan model using the dislocation densities that we measured are plotted in Figure 7 (b) (triangles) along with the experimentally measured yield stresses. Although the estimated values are far below the measured yield stresses (Figure 7(b) ), their annealing temperature dependence is in good agreement with that of the measured tensile yield stress. This suggests that apart from the Orowan hardening model, there are other factors controlling the mechanical properties in NT Ag films. This leaves the grain size, i.e., the column diameter, as a primary factor. À1/2 is the size of columnar grains, suggesting that grain boundary strengthening plays a key role in the deformation of the annealed NT Ag films. It should be noted that although the columnar grain size is the same for the as-deposited and 473 K (200°C) annealed samples, the yield stress of the latter dropped by 7 pct compared to the former. This drop in yield stress is accounted for the decrease of dislocation density, i.e., recovery.
C. The Evolution of Dislocation Density with Temperature in NT Ag Films
As mentioned above, the change in the dislocation density during annealing also needs to be considered when examining the temperature-dependence of the tensile yield stress. The diminution of the dislocation density during heating is a result of climb and annihilation of dislocations. For example, the thermal energy associated with dislocation climb allows one dislocation to meet another dislocation with opposite sign, which leads to annihilation, i.e., net decrease in dislocation density. For the in situ heating experiment, we found the annihilation rate decreased with increasing time, Figure 8 . The dislocation density decreased sharply in the first 200 seconds of annealing at 453 K (180°C) and then approaches a relatively constant value with additional annealing time. This dislocation annihilation rate behavior is attributed to the fact that the probability that a dislocation, after climb, meets another dislocation with the perfectly opposite sign is proportional to N 2 (N is the dislocation density). However, there are many other factors that may affect the dislocation density measurement for the in situ and ex situ annealed samples. First, even though we used the extra caution during the final step of the TEM sample preparation process, defects generated from the mechanical polishing and the ion milling still cannot be entirely avoided. Secondly, the anneal process only took about 1 minute, which is not long compared with the in situ heating process. Third, the ex situ annealed samples have a thickness around 50 lm which can be considered as bulk sample. However, the TEM sample only has a thickness of less than 100 nm, which can have other effect such as surface diffusion during the heating process. A future study will focus on the in situ heating mechanical behavior testing to avoid these influences of the artificial-induced defects.
V. CONCLUSIONS
In situ and ex situ annealed NT Ag thin films have been investigated by TEM and tensile testing to reveal the thermal stability of the twin boundary, grain boundary, dislocations, and yield stress. The NT Ag films are thermally stable up to 473 K (200°C), i.e., no obvious changes in grain size and twin spacing. In situ TEM observations show the dislocations become unstable and start to annihilate at 453 K (180°C) which cause the minimal decrease in yield stress. The annihilation at GBs provides a simple mechanism to enable grain rotation of LAGB to form large columnar grains without changing the TB spacing. As a result of the grain rotation, the growth of columnar grains take place between 453 K and 873 K (180°C and 600°C). The dislocation annihilation was observed in NT Ag films up to 453 K (180°C) lowering the dislocation density. The yield stress of NT Ag films decreases by~7 pct due to recovery when ex situ annealed at 473 K (200°C); however, it drops significantly thereafter. The decreasing yield stress with increasing grain size for the annealed samples is in good agreement with the Hall-Petch relationship, indicating the grain size plays a key role in controlling the deformation of NT Ag films.
